To chew, it is necessary to maintain harmony between the masseter muscle and other organs. Various studies have been conducted on the masseter muscle, but none has examined the relationships among masseter muscle form, occlusal support of remaining teeth, and maxillofacial morphology. Thus, we conducted the present study using cadavers donated to anatomy practice. After the masseter muscle was extracted, its length, width, thickness, and volume were measured; histological observations were conducted; and the muscle fiber cross-sectional area and muscle density were calculated. In addition, denture use and non-use were examined. The results showed that when regional support loss occurs, muscle fiber thickness and density decrease. This in turn causes masseter muscle thickness and volume to decrease, resulting in muscle atrophy. Furthermore, excluding Eichner class A cases (all regions intact), the thickness of the masseter muscle is greatest when the premolar support region remains. The premolar support region was shown to have the most impact on masseter muscle morphology. These results suggest that atrophy of the masseter muscle can be arrested or improved with the use of dentures in the case of tooth loss.
INTRODUCTION
To chew effectively, various mouth organs, including the muscles of mastication, the teeth, and the tongue, must work in harmony [1] . Sufficient chewing is related to maintenance of total body health. Therefore, to recover masticatory function, prompt treatment is necessary when it becomes difficult to chew because of problems such as tooth loss [2] . Recently, the development of computed tomography (CT), magnetic resonance imaging (MRI), and ultrasonic devices has made it possible to study the relationships among construction masseter muscle volume, sectional area, and mandible face area in regard to the muscles of mastication [3] [4] [5] [6] . The masseter muscle plays a leading role in chewing motion and is located near the surface of the face; therefore, studies on its relationship to jaw form [4, 7, 8] , active muscle mass [9] , bite force [7, 8, [10] [11] [12] [13] , and muscle changes with aging have been performed [14] [15] [16] [17] [18] [19] . The volume of the masseter muscle has predominantly been evaluated in living patients using CT, MRI, and ultrasonic devices [3] [4] [5] [6] .
Teeth are also important for chewing. However, tooth loss occurs as a result of tooth decay, periodontitis, and injuries. Therefore, it is necessary to note the state of the remaining teeth when treating the defective area. In these cases, the Eichner classification [20, 21] is used to determine the state of the remaining teeth. When two or fewer occlusal support regions according to the Eichner classification remain, the remaining regions collapse easily [22] . This is reportedly caused by a disruption in the balance of the right and left articulation and leads to symptoms throughout the body [1] .
Thus, various studies have been conducted concerning the masseter muscle and teeth [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, we have found no research on the relationship between the form of the masseter muscle and remaining teeth or between the form of the masseter muscle and maxillofacial morphology using cadavers. In addition, how changes in the condition of the remaining teeth influence the masseter muscle remains unclear. We performed this study to clarify whether the use of dentures benefits the masseter muscle. We measured the length, width, thickness, and volume of actual masseter muscles taken from cadavers. Advantages of this method include the fact that masseter muscles can be fully removed from cadavers, the muscle form can be directly observed and measured, and large-scale machines are unnecessary. In terms of the condition of the remaining teeth, the Eichner classification expresses only the number of support regions; thus, it was impossible to judge whether the support regions existed on the right or left or whether the premolar and/or molar regions remained. In this study, support regions were classified by differences in the number of right and left support regions as well as by premolar and molar regions to further divide the Eichner classification, and the effect of tooth loss on the masseter muscle was considered using both the Eichner classification and our more detailed classification.
MATERIALS AND METHODS

Materials
Fifty-six cadavers that had been donated for anatomy study to the Kurume University School of Medicine in 2007 and 2008 were made available for study of the relationship between masseter muscle form and remaining teeth. These cadavers had a mean age of 78.1 years (48-100 years). In 2009, 14 additional cadavers were made available for study of the relationship between the histological features of the masseter muscle and the remaining teeth. These cadavers had a mean age of 74.2 years (68-96 years). The cadavers were injected with 15 to 20 L of 10% to 15% formalin solution via the femoral artery. The cadavers had been fixed for a period of 3 to 12 months.
The protocol for the present research did not require approval by the ethics committees of our institutions, and it conformed to the provisions of the Declaration of Helsinki in 1995 (as revised in Edinburgh 2000).
Methods
Measurement of masseter muscle
The skin and hypodermal tissue under the skin were removed from the masseter muscles and the masseter muscle itself was completely resected. Each part of the left and right masseter muscle length, width, and thickness was measured with calipers (Figs. 1a-d).
Measurement and calculation of volume of masseter muscle
To formulate a new method to calculate masseter muscle volume, the volume of the masseter muscle was measured using the water displacement method (W.D. method) [23] and the silicon impression material method.
W.D. method: Masseter muscles of nine randomly selected cadavers were first measured (length, width, and thickness) and then extracted. The extracted masseter muscle was submerged into a measuring cylinder containing water, and the volume of the masseter muscles was determined from the water displacement.
Silicon impression method: After measurement by the W.D. method, the silicon was kneaded to eliminate air from the impression material (GC, Eguzafain, Regular type; GC, Tokyo), and the masseter muscle was pressed into the silicon. After the impression material hardened, the masseter muscle was removed. The space that had contained the masseter muscle was filled with water, and the volume of the water was measured. 
STUDY ON MASSETER MUSCLE AND TOOTH
Proposed formula for masseter muscle volume: The masseter muscle was thought of as a rectangular parallelepiped (a rectangular cube), therefore the formula used to calculate the volume was: volume of masseter muscle = length × width × thickness. The volume of the masseter muscle from nine cadavers was calculated using this formula. We compared the results of W.D. method, Silicon impression method, and Formula for masseter muscle volume.
3. Confirmation and classification of remaining teeth and relationship between condition of remaining teeth and the length, width, thickness, and volume of the masseter muscle
The number of teeth was investigated following the Eichner classification [20, 21] (Table 1) . When considering Eichner class B, subjects with partial dentures and those without dentures were noted. We classified the occlusal support region according to the Eichner classification in terms of the number of occlusal support regions, taking into account the use or non-use of partial dentures, and examined the relationships with the masseter muscle form. In the case of partial dentures, the occlusal support region comprised a natural tooth and denture and one natural tooth together with a partial denture together were counted as one occlusal support region. There were no occlusal support regions in Eichner class C1 or C2, however, when considering class C3, denture users and denture non-users were noted. During prosthodontic treatment, teeth with caries three and caries four are extracted before treatment. Therefore, these teeth were not counted as support regions according to the Eichner classification and were not included in the number of support regions in this study. Moreover, the Eichner classifica- [20] modified from Ikebe et al. [21] A tion considers only the total number of support regions. This classification is inadequate to compare the relationship between right and left and between premolar and molar regions to masseter muscle form. Therefore, when observing Eichner class B, we subdivided the traditional classification to clarify these additional factors (Table 2) .
Examination by light microscopy
For each of the 6 types of cases from 4 support regions to 1 support region according to the Eichner classification as well as cases with no remaining teeth both with and without full dentures, masseter muscles from 14 cadavers were extracted and re-fixed in 10% formalin. Paraffin sections 5 μm in thickness and perpendicular to the muscle fiber were then prepared as usual and observed after hematoxylin and eosin staining.
5. Measurement of cross-sectional area of one muscle fiber, number of muscle fibers, muscle fiber density, area density of muscle fiber, and tissue space among the muscle fibers After observing and photographing the prepared specimens using light microscopy, the thickness of the muscle fibers of each masseter muscle was compared. Using area measurement software, the cross-sectional area of one muscle fiber from each specimen was measured and compared. This was necessary because the muscle fiber is not a perfect circle. In addition, to determine muscle fiber density, the number of muscle fibers per 1 mm 2 was counted. From these results, area density and tissue space were calculated as follows: Area density (%) = Average area of one muscle fiber × Number of muscle fibers in 1 mm 
RESULTS
Results of measurement of the masseter muscle
The average length of the masseter muscle among 56 cadavers was 65.7±7.1 mm. The average length of the right and left masseter muscles was 65.9±7.3 mm, and 65.6 ±7.2 mm, respectively.
The verage width of the masseter muscle among 56 cadavers was 35.2±3.5 mm. The average width of the right and left masseter muscles was 35.2±3.8 mm, and 35.2±3.9 mm, respectively.
The average thickness of the masseter muscle among 56 cadavers was 6.5±2.5 mm. The average thickness of the right and left masseter muscles was 6.7±2.6 mm, and 6.4±2.5 mm, respectively.
Masseter muscle volume
By the W.D. method, the average volume of the right masseter muscle was 22.1 cm 3 and that of the left masseter muscle was 21.4 cm 3 . By the silicon impression method, the average of volume of the right masseter muscle was 21.8 cm 3 and that of the left masseter muscle was 21.1 cm 3 . By our proposed formula, the average of volume of the right masseter muscle was 21.3 cm 3 and that of the left masseter muscle was 20.7 cm 3 . (Table 3) Concerning muscle length in class B, no significant correlation (r= -0.026) was found between the number of occlusal support regions and the length of the masseter muscle (Fig. 2a) . Concerning the width of class B, no significant correlation (r= -0.099) was found between the number of occlusal support regions and the width of the masseter muscle (Fig. 2b) . Concerning the thickness of class B, a significant correlation (r=0.449; p<0.01) was noted between the number of occlusal support regions and the thickness of the masseter muscle (Fig. 2c) .
In addition, in cases where partial dentures were not used and only natural teeth were counted as occlusal support regions, no significant relationship was found between occlusal support region and thickness or volume of the masseter muscle (Figs. 3a, b) . The number of occlusal support regions increased with use of a partial denture. In cases with a partial denture, we also examined the Eichner classification and the relationships between the number of occlusal support regions and masseter muscle form (thickness and volume). We found that as the number of occlusal support regions decreased from class B1 to B4, the masseter muscle thickness and volume also decreased (Figs. 3c,  d ). In addition, the masseter muscles of partial denture wearers in class B were thicker than those of non-denture wearers. In class C on both the right and the left, the thickness of the masseter muscle decreased from C1 to C2, but the muscle in C3 was thicker than that in C2. In addition, a comparison was made between full denture wearers and non-denture wearers in class C3 with upper and lower edentulous jaws. The masseter muscles of the full denture wearers were thicker than those of non-denture wearers.
With regard to muscle volume in class B, a significant correlation (r=0.320; p<0.05) was observed between the number of occlusal support regions and the volume of the masseter muscle (Fig. 2d) . In addition, the volume of the masseter muscle decreased from B1 to B4 as the number of occlusal support regions decreased. In class C, the volume of the masseter muscle decreased from C1 to C2, but increased in C3. In addition, the volume of the masseter muscle of full denture wearers was larger than that of non-denture wearers.
3-2) Relationship between the difference in number of occlusal support regions and masseter muscle form
As previously mentioned, the relationship between the state of the remaining support regions on the right and left and the masseter muscle was investigated in Eichner class B. We further divided Eichner class B into B1 (B1-R1L2, B1-R2L1), B2 (B2-L2, B2-R1L1, B2-R2), and B3 (B3-L1, B3-R1) and compared the difference in the number of occlusal support regions and masseter muscle form (Table 2) . We used dual independent sampling tests for each combination of remaining right and left teeth. No significant differences were observed between the right and left with regard to number of occlusal support regions and masseter muscle form.
3-3) Relationship between the condition of remaining occlusal premolar and molar support regions for Eichner class B and masseter muscle form
The length, thickness, and volume of the masseter muscle, but not the width, were greatest for B-a combinations and smallest for B-c combinations (Table  4) .
Optical microscopic observation
The right and left masseter muscles from 14 cadavers that had been categorized according to the Eichner classification were histologically observed (Fig. 4) [class A, n=3, Fig. 4a; STUDY ON MASSETER MUSCLE AND TOOTH C (C3, non-denture wearers), n=3, Fig. 4e ; and class C (C3, denture wearers), n=3, Fig. 4f ]. The average crosssectional area of each muscle fiber, the number of muscle fibers per unit area (density), and the area density of muscle fibers were calculated (Table 5) .
Lateral cross-sectional area of an average masseter muscle fiber and the number of muscle fibers per unit area for each group
A dual independent sampling was conducted to obtain an average cross-sectional area per muscle fiber of the masseter muscle. There was a significant difference between right and left for classes B1, B3, and edentulous jaws (C3) with no dentures, but no such difference was observed for classes A, B2, and edentulous jaws (C3) with dentures. In addition, there was no significant correlation between the number of occlusal support regions and the cross-sectional area of a masseter muscle fiber (r=0.511).
In the same way, the number of muscle fibers per unit area was examined. For classes A, B1, B3, and edentulous jaws (C3) with no denture usage, there was a significant difference between right and left, but for B2 and edentulous jaws (C3) with no dentures, no such difference was observed. In addition, no significant correlation was found between the number of occlusal support regions and the number of muscle fibers (r= -0.668). We examined whether there was a correlation between the average cross-sectional area of one masseter muscle fiber and the number of muscle fibers per unit area. The number of muscle fibers per unit area increased when the average cross-sectional area of one masseter muscle fiber was small; on the other hand, the number of muscle fibers per unit area decreased when the average cross-sectional area of one masseter muscle fiber was large (negative correlation [r= -0.874, p<0.01]) (Fig. 5) .
As regards the relation between the number of occlusal support regions and tissue space, tissue space tended to increase as the number of occlusal support regions decreased. However, the correlation was not significant (r=0.431).
Relationship between the number of teeth and masseter muscle form (Figs. 6a-d)
We determined the correlation between the number of teeth and masseter muscle thickness, width, length, 
DISCUSSION
Several muscles are involved in the chewing process, and these muscles must work in a cooperative, coordinated manner to achieve a balanced chewing movement. The masseter muscle plays an especially principal role in chewing movement and is located in a shallow facial layer; thus, it has been the subject of a variety of studies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, most of these studies were conducted on live subjects rather than cadavers and were thus limited in detail and scope. Therefore, we used cadavers to clarify the relationship between masseter muscle form and remaining teeth and between the masseter muscle and maxillofacial morphology.
Because the volume of the masseter muscle = length × width × thickness, it was shown that thickness had a strong influence on the masseter muscle volume. We considered thickness from various aspects. In terms of the relationship between the occlusal support region and the thickness of the masseter muscle, we considered that if there are many support regions, mandibular position is stable, but mandibular position becomes unstable when the number of support regions decreases. As a result, muscle function decreases and atrophy occurs. The relationship between occlusal support regions and masseter muscle activity level was studied by Ogasawara [9] . He reported that as the number of occlusal support regions decreased from four to one, the general amount of muscle activity of four muscles decreased as well. Our study showed that a decrease in the number of support regions contributes to a decrease in masseter muscle volume. It is thought that this decrease results in muscle atrophy as the active mass of the muscle decreases. Our results showed that not only the natural teeth but also shared partial dentures functioned as occlusal support regions in class B, similar to the natural dental articulation. Therefore, we were able to confirm the importance of early treatment with both partial and complete dentures. We believe that individual tendencies to chew on one side or the other influence the relationship between the right and left residual support regions and thickness of the masseter muscle. Kitahara [24] interviewed 52 men and women regarding which side they tended to chew on and then examined the relationship between the right and left masseter muscle and the dominant chewing side. There was a high correlation between a greater masseter muscle cross-sectional area and the dominant chewing side [24] .
In terms of the relationship between the remaining premolar and molar support regions and masseter muscle form, we believe that the premolar support region has great importance and that there is a strong relationship between the masseter muscle and the premolar region.
In terms of the relationship between the denture users and denture non-users and the thickness of the masseter muscle, we consider that if prosthetic measures are taken with the use of dentures when the number of support regions decreases chewing is enabled, mandibular position is stabilized, muscle function is restored, and atrophy can be reversed. This is believed to be why the masseter muscle was thicker in denture users.
In addition, in terms of the masseter muscle of full denture users, various studies have been performed on thickness and biting force, electromyogram results, and the fit of full dentures and their effect on biting force [25] . Watanabe et al. [25] stated that the quality of the dentures used has an effect on the decline in the form and function of masticatory muscles. They reported that wearing appropriate dentures is important for the maintenance of these muscles. In this study, we were able to examine denture use and non-use and their effects on masseter muscle form using cadavers. Although were unable to judge whether the fit of the denture was appropriate, it was shown that the use of dentures had been beneficial.
We observed optical microscopic images of the masseter muscle using hematoxylin and eosin staining for each Eichner class to perform histological examinations and obtain the cross-sectional area of representative muscle fibers and density per square unit. Ihara [26] measured cross sections of 20 masseter muscles from cadavers. The maximum result was 992 fibers/mm 2 , the minimum was 380 fibers/mm 2 , and the average of all cases was 656 fibers/mm 2 . The maximum result was 2.5 times the minimum. In the present study, both the left and right sides of 14 sets of masseter muscles were observed (28 cases). The maximum result was 4269 fibers/mm 2 , the minimum was 417 fibers/mm 2 , and the average of all cases was 1409 fibers/ mm 2 . The maximum result was >10 times the minimum. We compared our results with those in Ihara's report and considered the cause of our widely varied results. It is thought that this increase in both the maximum and average results may have been caused by the fact that the subjects in this study were younger and had little tooth loss and relatively healthy teeth. In addition, no significant relationships were observed between the number of support regions and muscle cross-sectional area and between the number of support regions and area density.
Even in cadavers, it is evident that as a consequence of tooth loss, support regions decrease and mandibular position becomes unstable. As a result, chewing becomes impossible, meals are necessarily soft, and it is thought that muscle atrophy occurs because myofunction decreases. Underdevelopment of masseter muscle fibers was observed after giving powder and liquid food to mice [27] . A similar change is thought to have occurred in the cadavers' muscle fibers. In fact, muscle fiber restitution had occurred in denture users, but not in non-denture users. Therefore, in non-denture users, the muscle fibers remained thin, whereas muscle fibers were larger in denture users than in non-users. It is thought that with appropriate prosthetic treatment such as dentures or bridges, muscle fibers recover because chewing is enabled. Furthermore, Yamaguchi et al. [28] reported that prevention of and recovery from disuse atrophy of muscles such as the soleus seems to be more effective when exercise is started early. From these reports, it is thought that early prosthetic treatment for tooth loss to maintain proper occlusion and chewing may be connected to prevention of and recovery from masseter muscle atrophy. Atrophy of the muscle fiber occurs with a decrease in biting force when dentures are not used. However, biting force is maintained when dentures are used, and it is supposed that atrophy of the muscle fiber is prevented. The results showed that masseter muscle thickness and volume decrease as the number of support regions from the remaining teeth decreases. This clearly shows the need to maintain support regions and the benefit of dental treatment for elderly and/or handicapped persons [2] . Therefore, the importance of early treatment for odontopathy to prevent tooth loss and prosthetic measures for tooth loss are evident.
We studied the relationship between occlusal support and masseter muscle form. The loss of occlusal support resulted in masseter muscle atrophy. However, appropriate prosthetic treatment to enable sufficient chewing can prevent this atrophy and serve to maintain or recover the function of the masseter muscle. The findings of this study show a close relationship between occlusal support and masseter muscle form.
STUDY ON MASSETER MUSCLE AND TOOTH
CONCLUSION
The thickness and volume of the masseter muscle decreased with a decrease in the number of supporting regions of the remaining teeth. This relationship was especially pronounced when observing the condition of the premolar region. Denture use substantially improved atrophy of the masseter muscle in subjects with edentulous jaws. This finding emphasizes the benefits of denture use.
